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Abstrat
We examine hysteresis in yli voltammetry of Br eletrosorption onto single-rystal Ag(100)
by dynami Monte Carlo simulations. At room temperature, this system displays a seond-order
phase transition from a low-overage disordered phase to a doubly degenerate c(2 × 2) phase.
The eletrohemial potential is ramped bak and forth aross the phase transition, linearly in
time, and the phase lag between the response of the adlayer and the potential is observed to
depend on the sweep rate. The hysteresis in this system is aused by slow ordering/disordering
kinetis and ritial slowing-down.
Hysteresis is a widely ourring phenomenon in whih a system is driven too fast to remain near
equilibrium, resulting in a phase lag between the response and the osillating driving fore. Some
ommon examples inlude magneti systems in osillating external elds [1, 2℄, eletrohemial ad-
sorption in an osillating eletrohemial potential [3, 4, 5℄, and nonlinear media under osillating
stress. As an example of hysteresis at a seond-order phase transition, we here present prelimi-
nary results of dynami Monte Carlo simulations of the eletrosorption of Br onto single-rystal
Ag(100) under a time-varying eletrohemial potential, known as yli voltammetry (CV) in the
eletrohemial literature.
In equilibrium at room temperature, this system displays a seond-order phase transition in
the Ising universality lass from a low-overage disordered phase at more negative potentials to a
doubly degenerate c(2 × 2) ordered phase at more positive potentials [3℄. As the system is driven
bak and forth aross this phase transition, hysteresis is observed [3℄. Unlike magneti systems
[1, 2℄ and some eletrohemial systems [4℄, in whih hysteresis is usually assoiated with metastable
deay near a rst-order phase transition [1, 4℄, hysteresis in the Br/Ag(100) system is assoiated
with kineti limitations to the phase ordering/disordering proesses and ritial slowing-down in the
neighborhood of the seond-order transition.
The model and the dynami Monte Carlo algorithm are disussed in detail in Ref. [5℄ and are only
briey summarized here. In-situ X-ray sattering indiates that the Br adlayer is ommensurate with
the square Ag(100) lattie, with Br adsorbing at the four-fold hollow sites between the Ag atoms [3℄.
This arrangement suggests a lattie-gas treatment of the adlayer. We used an L × L square lattie
of adsorption sites with periodi boundary onditions. The grand-anonial lattie-gas Hamiltonian
is [4, 5, 6℄
H = −
∑
i<j
φijcicj − µ
L2∑
i=1
ci , (1)
where i and j denote sites on the lattie, ci denotes the oupation of site i (0 for empty and 1 for
oupied),
∑
i<j denotes a sum over all pairs of sites on the lattie, φij denotes the lateral interation
1
energy of the pair (i, j), and µ is the eletrohemial potential. The sign onvention is suh that
φij < 0 denotes a repulsive interation, and µ > 0 favors adsorption.
The interations are quite adequately desribed with a nearest-neighbor exluded-volume inter-
ation (innite repulsion) aused by the large ioni radius of Br, plus a long-range dipole-dipole
repulsion [5, 6℄. The lateral pair interations are [5℄
φ(r) =


−∞ r = 1
23/2φnnn/r
3
√
2 ≤ r ≤ 5 ,
0 r > 5
(2)
where r is the separation of an interating Br pair within the adlayer, measured in units of the
Ag(100) lattie spaing, and φnnn is the value of the repulsion between next-nearest neighbors.
The repulsion was trunated to simplify omputation. We found φnnn = −26 meV/pair by tting
equilibrium simulation isotherms to experimental adsorption isotherms [5℄.
To simulate the mirosopi dynamis, we used a thermally ativated stohasti barrier-hopping
sheme, whih inlude adsorption, desorption, and nearest- and next-nearest neighbor diusion.
These proesses were represented by transitions between initial and nal lattie-gas states, I and
F , respetively, through intermediate transition states of higher energy. These intermediate states,
Tλ, annot be represented by lattie-gas ongurations, and the subsript λ indiates the proess
(adsorption/desorption, et.) whih relates I to F . The energies of these transition states were
approximated as [4, 5℄
UTλ = (UI + UF )/2 + ∆λ , (3)
where UTλ , UI , and UF are the energies of the states Tλ, I, and F , respetively, and ∆λ is the barrier
assoiated with the proess λ.
We approximated the probability R(F |I) of making a transition from I to F during one time
step by an Arrhenius rate [4, 5℄
R(F |I) = ν exp
(
−UTλ − UI
kBT
)
= ν exp
(
− ∆λ
kBT
)
exp
(
−UF − UI
2kBT
)
, (4)
where kB is Boltzmann's onstant, T is the temperature, and ν is a dimensionless attempt frequeny
whih sets the overall time sale of the simulation. For all simulations disussed here, the temperature
was 290 K, orresponding to kBT = 25 meV. The nearest-neighbor diusion barrier was ∆nn = 100
meV and the next-nearest neighbor diusion barrier was ∆nnn = 200 meV, onsistent with ab initio
alulations [7℄. The adsorption/desorption barrier was ∆a = 300 meV, and we used ν = 1 [5℄. Time
was measured in Monte Carlo steps per site (MCSS).
The nearest-neighbor exluded-volume interation gives rise to two degenerate c(2 × 2) ordered
phases, eah oupying one of two sublatties, A and B. The sublattie overage, ΘA, is the fration
of oupied sites on sublattie A, and analogously for ΘB. There are two observables of interest:
the total Br overage, Θ = (ΘA + ΘB)/2, and the staggered overage ΘS = ΘA − ΘB, whih is
the c(2× 2) order parameter. Figure 1 shows equilibrium Θ and |ΘS| isotherms obtained by Monte
Carlo simulation using a single-site Metropolis algorithm [5℄. The transition ours at a ritial
eletrohemial potential, µc = 180± 5 meV/partile [5℄.
Although hysteresis studies in magneti systems usually use sinusoidally varying elds, CV ex-
periments mostly use linearly ramped eletrohemial potentials. For the hysteresis (dynami CV)
simulations, the Br/Ag(100) system was rst equilibrated in the low-overage phase at µ1 ≪ µc.
Then µ was ramped linearly in time up to µ2 ≫ µc at a rate of ρ meV/MCSS. After reahing µ2, the
potential was ramped bak down to µ1 at the same rate [5℄. Beause of the long simulation times,
only a single yle was simulated for eah value of ρ.
Figure 2 shows hysteresis loops, Θ vs. µ, whih are analogous to magnetization vs. eld plots
ommonly shown for hysteresis in magnets [1, 2℄. However, for CVs, dΘ/dt vs. µ is usually shown,
sine dΘ/dt is diretly measurable as proportional to the eletri urrent through the eletrohemial
ell, Fig. 3. This gure also shows a quasi-equilibrium CV, obtained by dierentiating the equilibrium
overage isotherm in Fig. 1 with respet to µ. In the limit of zero sweep rate, the dynami CVs
should have the same shape and µ plaement as the quasi-equilibrium CV for the same system size.
2
The asymmetry between the positive-going sans (positive dΘ/dt) and the negative-going sans is
aused by the dierene in the ordering (positive san) and disordering (negative san) dynamis.
In the limit of zero sweep rate, positive and negative sans would be symmetri. Figure 4 shows the
height, (dΘ/dt)max, and position, µp, of the sharp peak in the positive-going sans vs. ρ.
In onlusion, we have studied the hysteresis of the Br/Ag(100) adlayer by dynami Monte Carlo
simulation. We observed asymmetry between the positive and negative-going sans, whih is ex-
peted to vanish in the limit of zero sweep rate. We also observed a power-law relationship between
ρ−1(dΘ/dt)max and ρ with a measured eetive exponent of ≈ −0.08. Future work will inlude
slower sweep rates to test these observed behaviors.
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e Foundation through Grants No.
DMR-9634873 and DMR-9981815, and by Florida State University through the Center for Materials
Researh and Tehnology, the Super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h Institute (US Department of
Energy Contrat No. DE-FC05-85ER25000), and the Shool of Computational Siene and Infor-
mation Tehnology.
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Figure 1: Equilibrium Monte Carlo isotherms for L=32. A seond-order phase transition between
a low-overage disordered phase and a c(2 × 2) phase with Θ=1/2 is observed at µc. The isotherm
was generated from 10,000 independent samples for eah value of µ.
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Figure 2: Hysteresis loops at various sweep rates ρ. All urves show Θ vs. µ for L=256, exept for
the solid urve, ρ=0, whih shows equilibrium for L=32, Fig. 1.
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Figure 3: Simulated CVs for L=256 at various sweep rates ρ. All urves show dΘ/dt vs. µ, exept
for the solid urve, ρ=0, whih shows dΘ/dµ at equilibrium for L=32. All CV urves, exept ρ=0,
have been normalized by the sweep rate.
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Figure 4: CV peak position and height vs. sweep rate. (a) shows the positive-going peak height
with errors muh smaller than the symbol size. (b) shows the peak displaement from µc, µp − µc,
and the distane in µ between Θ=1/4 in the positive-going and negative-going sans in Fig. 2.
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